Abstract-A set of nonlinear rate equations that can describe an external cavity laser with any arbitrary external optical feedback (OFB) level are derived. A comprehensive study on the relative intensity noise (RIN) characteristics of a fiber grating Fabry-Perot is performed numerically. In this paper, fiber Bragg grating (FBG) is used as a wavelength lasing selective element to control the external OFB level, thereby control the RIN. In addition to the external OFB level, the effect of other external cavity parameters such as temperature, injection current, cavity volume, gain compression factor, and FBG parameters on RIN characteristics is investigated. The temperature dependence (TD) of RIN is calculated according to TD of laser parameters instead of well-known Parkove relationship. Results show that by optimization, the peak value of the RIN can be reduced down to around −150 dB/Hz. The optimum and the shortest external cavity length that provides the minimum RIN is found to be around 3.1 cm. In addition, by optimization, the relaxation oscillation frequency of RIN spectra is shifted toward around 5.6 GHz.
I. INTRODUCTION

W
ITH rapid increase for the demand of high-speed internet access over optical fiber, wavelength-division multiplexing (WDM) systems became essential to support huge data transmission [1] [2] [3] [4] [5] [6] . Higher transmission capacity can be achieved at the closer channel spacing. So far, WDM systems with up to 50-GHz channel spacing have already been reported [7] . However, in the near future, much larger transmission capacity will be required with further progress of information technology. This requires a laser source with very high wavelength stability, low static and dynamic chirp, and reasonable cost [8] [9] [10] [11] [12] . In addition, since temperature variations cause fluctuations in the laser operating frequency, gain spectrum, threshold current, and other cavity parameters [23, 24] , therefore, the laser sources employed in WDM applications are required to be able to operate over a wide range of temperature without any drift.
Generally, in current WDM systems, distributed feedback (DFB) laser diodes are commonly used as the light sources. However, the emission wavelength of DFB laser highly depends on injected current and temperature, which requires to be accurately controlled. Usually, thermoelectric (TE) coolers are used to achieve adequate stability in the transmitted wavelength. However, an accurate controller is required for dense WDM (DWDM) where the channels are closely spaced, thereby; adding significant cost [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . The additional cost can be avoided by capitalizing on the high stability of silica with temperature (10 pm/°C [6, 8, 12, 15, 17] ) in external cavity configurations using fiber Bragg grating (FBG) .
In recent years, fiber grating Fabry-Perot (FGFP) laser is proposed as an alternative light source for WDM systems, which can generate the light with highly stable wavelength [6, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . This is because; the emission wavelength of FGFP laser depends only on the Bragg wavelength of fiber grating (FG), thus, independent of chip temperature and injection current. Precise adjustment of the Bragg wavelength in FG is easily achievable compared to the emission wavelength of DFB lasers. Therefore, FGFP laser is promising as a light source of the future DWDM system [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . However, semiconductor laser diodes (SLDs) are intrinsically noisy device because of the quantum nature of the light. Spontaneous emission is the main source of noise, which affects on both the optical intensity and emission frequency [18] [19] [20] [21] [22] . Moreover, external optical feedback (OFB) significantly affects on the performance of SLDs due to variation on the laser light intensity and spectral behaviors, such as emission line broadening and mode hopping.
The intensity fluctuations directly affect on the performance of lightwave systems and it is characterized by the relative intensity noise (RIN) . The effect of RIN on performance of SLDs (without considering the OFB and FBG effect) has been studied numerically and experimentally [19, [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] . The effect of randomly reflected light from the transmission line (considered as the external OFB) on characteristics of RIN for SLDs are reported [19, 25, 37, 38] . In addition, Hashimoto et al. [6] , Dogru and Ozyazici [35] external cavity parameters. To the best of our knowledge, the work by Naumenko et al. [17] is the only study reported on RIN characteristics of SLD coupled with FBG by considering the external OFB effect. However, in [17] , only two different gain compression factor values are used to analyze the external OFB effect on RIN characteristics. In addition, the effect of temperature and other external parameters on RIN characterization have never been reported.
In this paper, the effect of external OFB on characteristics of RIN spectra for FGFP is studied by modifying the rate equations that is used from the weak to the "coherence collapse" and then to the strong OFB regimes. A FBG is used to control the external OFB at arbitrary value to reduce RIN. In addition, a comprehensive study on the RIN characteristics of FGFP laser including the impact of temperature, injection current, gain compression factor, cavity volume, and external cavity parameters are investigated in this paper.
II. THEORETICAL MODEL
The FGFP model consists of three main sections as shown in Fig. 1(a) . The first section is the FP laser of lengthL d . It is assumed that the reflectivity of the chip front facet R o is very low, while the rear facet has high reflectivity R 1 . The second section is a fiber of length L ext and the third is the FG with reflectivity R F BG . The round-trip delay of photons inside the internal and the external cavity are
and τ e = 2n ext L ext /c, respectively, where c = 3 × 10 10 cm/s is the velocity of light in vacuum, n ext is the external cavity refraction index, and n d is the group refractive index of the FP laser diode.
This configuration may be conveniently analyzed as a simple two-mirror laser structure ( Fig. 1(b) ) by replacing the FP diode laser output facet reflectivity R o by a complex-valued effective reflection coefficient R e f f [42] 
where ωτ e is the phase of the reflected light that travels through the external cavity and ω is the laser angular frequency. In (1), R OFB = C o R ext is the amount of optical feedback reflection coupled into FP laser diode, where C o is the amplitude coupling coefficient between the FP laser diode and the grating fiber, and R ext is the power reflectivity of FG defined as [43, 44] 
where L F G is the grating length, β is the wavelength detuning, k is the coupling strength, Q = k 2 − β 2 , and
The phase coefficient for reflection light θ re f is derived from the differential equations in [44] and is given by
By considering the phase change introduced by the optical filter in (1), R e f f can be rewritten as
By considering the effect of temperature (T) and the optical feedback (OFB), the equation of FGFP laser threshold current [45] can be written as
I th,OFB (T ) = qV N th,OFB (T )
where q is the electronic charge, V is the volume of the active region, B is the radiative recombination coefficient, C(T ) is the temperature dependence (TD) Auger recombination process, and A nr describes the nonradiative recombination rate. The N th,OFB in (5) is the well-known carrier density equation at threshold condition [45] , in which by considering the effect of temperature and OFB, it can be defined as
where N(T ), a(T ), and τ p,OFB (T ) are the TD parameters that is known as transparency carrier density, differential gain, and photon life time (with the OFB effect), respectively. denotes the confinement factor, and v g (T ) = c/n d (T ) is the TD group velocity. The temperature dependent parameters can be defined as [15] 
where X o is the initial value found at the reference temperature (T o ), which is considered at the room temperature (25°C).
Since the OFB only affects on the photon lifetime in (6), τ p,OFB (T ) can be modeled as
where α tot,OFB (T ) is the total loss of laser cavity that is defined as
where α int (T ) is the TD internal cavity loss, and the term (1/2L d ) ln 1/R 1 R ef f is the mirror loss. Finally, the N th,OFB can be expressed as
Equation (10) gives general expression for threshold carrier density that is used to calculate the net rate of stimulated emission in the active region.
III. RELATIVE INTENSITY NOISE CHARACTERISTICS
By considering the effect of temperature variation and OFB, RIN characteristics of FGFP laser can be derived from the well-known coupled rate equations [46] . Relationship between noise sources, F i (t), number of carrier, N(t), number of photon, P(t), and optical phase, φ(t) is described as
where, I (t) is the injected current, τ c,OFB = qV N th,OFB / I th,OFB is the carrier lifetime, g is the gain slope constant coefficient, ε is the nonlinear gain compression factor, R sp,OFB represents the contribution of the spontaneous emission of the lasing mode, α is the linewidth enhancement factor,N is the time-average carrier number, and F N (t), F P (t), and F φ (t) are the Langevin noise sources due to the carriers, photons, and phase, respectively. For noise characteristics, the fluctuations of the involved variables are assumed to remain small at all times in reference to the respective steady-state average values (small-signal approximation). Under this assumption, the rate equations can be easily liberalized and subsequently solved in the frequency domain using Fourier transform. Considering the Markovian assumption, the general relations between the noise sources can be defined as [46] F i (t) = 0, and
where angle brackets denote ensemble average, δ is the Dirac's delta function, and D i j are diffusion coefficients associated with the corresponding noise source of i and j , which defined as [46] 
where h i j , i and j are integer, are the coefficients that is defined based on the physical model parameters as expressed in Appendix. The driving terms in (14) are given by the following expressionŝ
where
By considering (14)- (16) written as
where β sp is the spontaneous-emission factor. Equation (17) is the main equation that is used in this study to observe the RIN characteristics of the FGFP laser. Here the subscriber OFB denotes the value of the parameter after taking into account the effect of optical feedback.
IV. RESULTS AND DISCUSSION
In this study, the results of FGFP laser is based on uniform FBG, operating at 1550 nm wavelength from the performance analysis is conducted by simulation. The parameters used are shown in Table I . All these values are fixed throughout this paper, except otherwise is stated. Fig. 2 shows the effect of external OFB on the RIN spectra for various reflectivity values. By increasing the external OFB reflectivity from 0.1 to 0.9, the RIN is reduced from -124.8 to -149 dB/Hz. This significant reduction of RIN is due to the laser operation transition from the weak to strong OFB regimes. In addition, decay rate of the relaxation oscillation increases at the strong reflectivity value, which damps the maximum value of the RIN, thereby, larger flat operation range. The strong external OFB forces the laser to operate in the coherence field (regime V [26] ), which produces pure single-mode oscillation. Furthermore, the relaxationoscillation frequency (ROF) is shifted from 3.8 to 5.6 GHz by increasing the reflectivity value from 0.1 to 0.7, which is due to the gain spectrum fluctuations reduction in the active region. Further increment in reflectivity value caused to saturate the ROF, due to the coupling reduction between the light intensity fluctuations and the charge carrier density, which is caused to reduce the optical electric field varying [47] . Fig. 3 shows the effect of injection current on the RIN spectrum for different output power. As depicted in the figure, by increasing the injection current from 12 to 32 mA, the peak of intensity noise is reduced by 16 dB and ROF shifted by 2.6 GHz towards the higher frequency, thereby, a larger flat frequency range is obtained. This is due to the increment of photon density inside the active region, which leads towards reduction of the gain spectrum fluctuation. 10 The effect of ambient temperature variation on the RIN spectrum is shown in Fig. 4 . The effect of temperature is calculated according to the TD of the laser cavity parameters. It should be noted that the fiber temperature coefficient ∂n f /∂ T is considered to be equal to 1.6 × 10 −5 K −1 for eliminating mode hopping [15] . As Fig. 4 implies, by increasing the temperature from 15 to 25°C, the ROF is shifted to the higher frequency and the RIN is significantly reduced by 22.5 dB, which is due to transition of laser operation from the weak to the strong OFB regime. However, by increasing the temperature from 25 to 35°C, the ROF is shifted back towards lower frequency and the RIN is significantly increased. This behavior is a result of the reduction in the OFB reflectivity with temperature due to the shift in Bragg wavelength (see Eq. (7)) where the maximum value of the reflectivity occurred at the temperature T o which in this study assumed is 25°C. Thus, the laser operation transition back from the strong to the weak OFB regime leads to increase RIN. Thus, the optimum operation temperature for this laser, which provides the minimum RIN is around 25°C (reference temperature).
The gain compression factor ε is another important parameter of semiconductor lasers, which can affect the RIN spectra. It mainly depends on several mechanisms such as spatial hole burning, spectral hole burning, and other nonlinearities. 5 shows the effect of gain compression factor on the RIN spectrum of FGFP laser. By increasing ε from 1 × 10 −17 to 5 × 10 −17 , RIN peak value is decreased from -136 to -149 dB/Hz, which is due to increment of the decay rate of relaxation oscillation that depends on ε. In addition, by changing the gain compression factor, the ROF is maintained at around 5.6 GHz.
The effect of the external cavity parameters namely amplitude coupling coefficient (C o ) and grating strength length coefficient (kL F G ) on the RIN spectrum is shown in Fig. 6 (a) and (b), respectively. According to Fig. 6(a) , increasing C o made ROF to shift towards the higher frequency and reduces the RIN peak value, which is due to the increment of the total emitted power. In contrast, increasing kL F G causes to reduce the RIN peak value as shown in Fig. 6(b) , which is due to the high effective reflectivity of FG. According to (5) , by increasing the reflectivity value, the threshold current is reduced, which caused the output power to increase.
The volume of the laser cavity contributes critical impact on the system performance due to changes of total loss. The increase of active cavity volume leads towards increment of the threshold current, thereby, reduces the output power. This will adversely affect the dynamic behavior properties. Figs. 7(a) , (b), and (c) show the effect of cavity volume on RIN spectrum for different cavity length (L d ), thickness (d), and width (w), respectively. From the figure, by reducing one of the active cavity volume parameters, the ROF is shifted towards the higher frequency and the RIN peak value is reduced. This result confirms the advantage of the smaller cavity size for reducing total losses. However, further reduction in the cavity length results in short time delay, which may cause the laser to operate at the transient region or chaotic dynamics [48] [49] [50] .
The reflectivity of the antireflection (AR) coating front facet (R o ) of FP laser is one of the important parameters in determining performance of the external cavity based lasers. It has been found that the bistability, multistability, mode hopping-induced instability, and continuous frequency tuning range are dependent on the reflectivity of the AR coating of laser diode [50] . Also, it has been shown that by reducing the AR coating reflectivity as low as possible, the system performance can be improved [10] . Fig. 8 shows the effect of AR coating reflectivity on RIN spectra. As shown in the figure, with the decrease of the AR value from 1 × 10 −1 to 1 × 10 −2 , the RIN peak value reduced by about 0.8 dB. This is due to the increment of the effective reflectivity R ef f from 0.87 to 0.92 according to Eq. (1). However, by decreasing AR value from 1 × 10 −2 to 1 × 10 −5 , there is no significant effect on the RIN spectra since R e f f varies only by 0.006 (from 0.92 to 0.926). On the other hand, the ROF is not affected with the change of AR value due to the high R e f f as discussed earlier in Fig. 2 . The result demonstrates that AR coating reflectivity value of 1 × 10 −2 is sufficient for the laser to operate at low RIN and low fabrication complexity.
The spontaneous emission factor (β sp ) is very important parameter for the dynamic behavior of SLD. When the spontaneous recombination events occur to supply a photon into the lasing mode, the rate of the spontaneously emitted photons that is added to the intracavity photon population will increase [35, 46] . If β sp increases, RIN increases as shown in Fig. 9 . The result shows that by increasing β sp from 1 × 10 −5 to 20 × 10 −5 , RIN peak value increases by about 7 dB. However, the ROF not affected by changing β sp and the change in RIN spectral width is insignificant. Fig. 10 shows the RIN spectra of FGFP laser at various external cavity lengths L ext (the distance from the back fact mirror of FP laser to beginning of grating in the fiber) of 0.5, 1, 2, 3.1 and 4 cm. As the can be noticed, amplitude and spectral width of RIN spectra slightly changed with L ext . According to Eq. (1), the effective reflectivity R e f f depends on cos(ωτ e ), where τ e depends on L ext as τ e = 2L ext n ext /c. Thus, any change in the L ext will affect on R e f f based on the cosine function as shown by the inset figure. By any changes in L ext , R e f f value will be changed within a fixed range with the minimum and maximum reflectivity of around 74% and 95%, respectively. The shortest external cavity length (L ext > 0) that provides the maximum R e f f value is around 3.1 cm. This value provides the minimum RIN peak amplitude. The maximum reflectivity is repeated with a period of around 3.1 cm. Even though 6.2, 9.3, and so on can also provide the maximum reflectivity value, but the longer external cavity length causes the delay time (τ e ) to increase. Therefore, the shortest external cavity length can provide the optimum performance. According to our results, the optimum value of L ext to produce low peak amplitude in RIN spectra is 3.1 cm.
V. CONCLUSION
Comprehensive study on RIN characteristics of FGFP laser diode is investigated by considering the effect of injection current, gain compression factor, coupling coefficient, cavity volume, grating length strength, AR coating, spontaneous emission factor, and external cavity length. The study is performed by utilizing a set of modified rate equations, taking into account the effects of arbitrary external OFB, and temperature variation. The results show that by optimization, the RIN peak value is reduced significantly and the ROF is shifted to the high frequency, thereby; a larger flat operation frequency range is obtained. The benefit of this study is that the designer can predetermine the requirements that should be taken into account when considering the FGFP laser to be used in an optical communication system.
APPENDIX
The elements h i j in (14) 
